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The Deaf Jerker Mouse Has a Mutation in the Gene
Encoding the Espin Actin-Bundling Proteins
of Hair Cell Stereocilia and Lacks Espins
tuft of stereocilia is deflected in the direction of the
tallest row, the stretching of tip links elicits an increase
in the permeability of ion channels in the stereocilium
plasma membrane and causes hair cell depolarization
(Roberts et al., 1988; Pickles and Corey, 1992; Eatock
Lili Zheng,*§ Gabriela SekerkovaÂ ,*§k
Kelly Vranich,² Lewis G. Tilney,²
Enrico Mugnaini,* and James R. Bartles*³
*Department of Cell and Molecular Biology
and the Institute for Neuroscience
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ing its position, orientation, and dimensions and possi-University of Pennsylvania
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its base (Tilney et al., 1992).
The cross-linking of actin filaments to form a parallel
actin bundle is mediated by actin-bundling proteins
Summary (Matsudaira, 1991; Puius et al., 1998; Bartles, 2000). The
formation of parallel actin bundles in structures as di-
verse as the neurosensory bristles of Drosophila pupaeThe espins are actin-bundling proteins of brush border
and brush border microvilli appears to involve the se-microvilli and Sertoli cell-spermatid junctions. We
quential action of multiple actin-bundling proteins (re-have determined that espins are also present in hair
viewed by Bartles, 2000). Although the actin-bundlingcell stereocilia and have uncovered a connection be-
protein fimbrin is present in hair cell stereocilia (Flocktween the espin gene and jerker, a recessive mutation
et al., 1982; Sobin and Flock, 1983; Tilney et al., 1989),that causes hair cell degeneration, deafness, and ves-
the identity of other actin-bundling proteins suspectedtibular dysfunction. The espin gene maps to the same
to work in conjunction with fimbrin (Tilney et al., 1989)region of mouse chromosome 4 as jerker. The tissues
has remained a mystery.of jerker mice do not accumulate espin proteins but
Over the last several years, we have characterized acontain normal levels of espin mRNAs. The espin gene
new family of actin-bundling proteins known as the es-
of jerker mice has a frameshift mutation that affects pins (Bartles, 2000). Two espin isoforms have been iden-
the espin C-terminal actin-bundling module. These tified: the z110 kDa espin of Sertoli cell-spermatid junc-
data suggest that jerker mice are, in effect, espin null tions (ectoplasmic specializations; Bartles et al., 1996;
and that the jerker phenotype results from a mutation Chen et al., 1999) and the z30 kDa small espin of brush
in the espin gene. border microvilli in the intestine and kidney (Bartles et
al., 1998). Encoded by a single gene (Chen et al., 1999),
espin and small espin share a 167 amino acid C-terminalIntroduction
peptide that includes a 116 amino acid C-terminal actin-
bundling module that is necessary and sufficient forCells that act as sensory receptors employ elaborate
actin bundle formation in vitro, but they contain differentspecializations to transduce environmental cues. Within
N termini (Bartles et al., 1998). Unlike many actin-the auditory and vestibular systems, hair cells use ster-
bundling proteins, the espins bind actin filaments witheocilia as mechanoelectrical signal transducers to de-
high affinity and their actin-bundling activities are nottect sound and motion (Eatock et al., 1998; Roberts
inhibited by Ca21 (Bartles et al., 1998; Chen et al., 1999).et al., 1988; Pickles and Corey, 1992). Each hair cell
A great deal has been learned from the identificationstereocilium is a highly specialized fingerlike projection
of mutations that cause hearing impairment or vestibularof the apical plasma membrane that contains a parallel
dysfunction in mice (Steel, 1995; Steel et al., 1997;bundle of actin filaments at its core (Tilney et al., 1992;
Probst and Camper, 1999). A significant number of theseBartles, 2000). The stereocilium tapers near its base, so
mutations have been mapped to genes that encodethat only the central actin filaments of the core actin
proteins of the hair cell actin cytoskeleton (e.g., Avrahambundle extend a rootlet into the apical cytoplasm of the
et al., 1995; Gibson et al., 1995; Probst et al., 1998).hair cell to encounter the dense actin filament meshwork
However, a number of deafness mutations have yet toknown as the cuticular plate (Tilney et al., 1992). Ster-
be assigned to a particular gene (Steel, 1995). One sucheocilia exist on the apical surface of the hair cell in highly
mutation is jerker, a spontaneous autosomal recessiveorganized collections: stereocilia of similar length are
mutation, first reported nearly 60 years ago (GruÈ nebergarranged in rows, and rows of different lengths produce
et al., 1941). Cochlear development appears relativelystaircase assemblies that adopt fixed orientations with
normal in jerker mice until the early postnatal period, atrespect to anatomical landmarks within the inner ear
which time the hair cells begin to show evidence of a(Lim, 1986; Tilney et al., 1992). Mechanical linkagesÐtip
progressive degeneration (Deol, 1954; Steel and Bock,linksÐbecome established between a stereocilium and
1983; SjoÈ stroÈ m and Anniko, 1990a, 1990b, 1992a,its next tallest neighbor in an adjacent row. When the
1992b). The degeneration is confined initially to the
stereocilia and cuticular plate: stereocilia appear to³ To whom correspondence should be addressed (e-mail: j-bartles@
shorten, lose their stiffness, or merge and the cuticularnorthwestern.edu).
plate appears to protrude, fold, or disintegrate. These§ These authors contributed equally to this work.
changes begin in earnest around postnatal day 11, coin-k On leave of absence from the Institute of Neuroscience, Slovakian
Academy of Sciences, Soltesova 4, Kosice, Slovak Republic. cident with the onset of auditory function (Ehret, 1977;
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Steel and Bock, 1983), but have been noted in an occa-
sional hair cell as early as postnatal day 1. After degener-
ation of their stereocilia and cuticular plate, hair cells
appear to shrink and disappear so that after z3 months
all that remains of the organ of Corti is a thin layer of
dedifferentiated cells resting between collapsed pillar
cells on the basilar membrane. In the vestibular system
of jerker mice, the macula utriculi and macula sacculi
exhibit a similar, although slower, hair cell degeneration
and loss, whereas the hair cells of the cristae ampullares
appear to be less affected. Measurements of auditory
brainstem response indicate that jerker mice are totally
deaf from postnatal day 12 onward (Steel and Bock,
1983; SjoÈ stroÈ m and Anniko, 1990b). In addition to deaf-
ness, jerker mice display other features of the typical
shaker-waltzer behavior, namely hyperactivity, circling
movements, and head tossing (GruÈ neberg et al., 1941),
which are presumed to reflect abnormalities within the
vestibular system (Anniko et al., 1989; SjoÈ stroÈ m and
Anniko, 1990a).
In this report, we demonstrate that espin actin-
bundling proteins are present in hair cell stereocilia and
supply multiple lines of evidence linking the jerker muta-
tion to the espin gene.
Results
Espins Are Present in the Stereocilia of Hair Cells
in the Cochlea and Vestibular System
An affinity-purified, highly specific rabbit polyclonal anti-
body directed against the 167 residue C-terminal pep-
tide shared among known espin isoforms was found to
label hair cell stereocilia in a variety of species. This
result is illustrated for mouse cochlear (Figure 1A) and
rat vestibular hair cells (Figures 1B and 1C) in cryostat
sections of decalcified preparations from adult animals
and for hair cells in whole mounts of isolated cochlear
sensory epithelium from day 13 chicken embryos (Fig-
ures 2A and 2B). Consistent with the localization of es-
pins to parallel actin bundles in other cell types (Bartles
et al., 1996, 1998), the stereocilia showed considerably
more labeling than the bodies of the hair cells (Figures 1A
and 1C) and the actin filament meshwork of the cuticular
plate (Figures 2B and 2C). Intense specific labeling of
hair cell stereocilia was also observed in 9- and 21-day-
old mice, 5-day-old chickens, day 15 chicken embryos,
and 5-day-old gerbils (data not shown).
Mouse and chicken hair cells appeared to contain an
espin protein intermediate in apparent molecular mass
between espin (z110 kDa) and small espin (z30 kDa).
Because of the small size of the inner ear, it was neces-
sary to pool preparations from 5 to 6 animals to obtain
enough material for Western blotting. The affinity-puri-
fied espin antibody directed against the 167 residue
shared C-terminal peptide reacted with a major band of
45 kDa and minor bands of 40 kDa and 30 kDa in SDS
Figure 1. Affinity-Purified Espin Antibody Labels Stereocilia on Co- extracts of mouse temporal bone (Figure 3A, left). A
chlear and Vestibular Hair Cells in Cryosections of Decalcified Speci- faint band of 110 kDa emerged with overexposure. The
mens from Adult Mouse and Rat (Immunoperoxidase Method) antibody also reacted with a 45±50 kDa band in a more
(A) Mouse cochlea. The collections of stereocilia on the single row enriched preparation of hair cells: the isolated cochlear
of inner hair cells (asterisks over hair cell bodies) are sectioned
roughly longitudinally, whereas those on the three rows of outer hair
cells (arrowheads) are sectioned tranversely at different levels near
their base. Bar, 10 mm. anterior (ca) and lateral (cl) semicircular canals are shown. Asterisk,
(B) Rat vestibular system, low magnification view. The collections posterior semicircular canal. Bar, 300 mm.
of stereocilia on the patches of hair cells that constitute the macula (C) Rat vestibular system, higher magnification view of the macula
utriculi (mu), macula sacculi (ms), and the cristae ampullares of the utriculi. Bar, 20 mm.
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Figure 2. Affinity-Purified Espin Antibody Labels Hair Cell Ste-
reocilia in Whole Mounts of Isolated Cochlear Sensory Epithelium
from a Day 13 Chicken Embryo (Confocal Immunofluorescence
Figure 3. Detection of Inner Ear Espin Proteins and cDNAs by West-Method)
ern Blotting and Library Screening(A) Low magnification view from above the epithelium. Bar in (C),
(A) Western blots of SDS extracts of mouse temporal bone homoge-28 mm.
nate and isolated chicken cochlear sensory epithelium showing that(B) Higher magnification view showing several clumps of labeled
the affinity-purified espin antibody reacts most strongly with pro-stereocilia emanating from the apex of a single hair cell. Bar in (C),
teins of z45±50 kDa (bracket at left). PI, preimmune IgG control;5 mm.
IM, affinity-purifed espin antibody. Fimbrin (lanes labeled F) remains(C) Double labeling of the same hair cell shown in (B) with rhodamine-
largely intact at z68±70 kDa in these specimens (arrowhead).phalloidin reveals the intensely labeled bundles of F-actin at the
(B) Stick figure diagram highlighting the relationships between ratcores of the clumped stereocilia emanating from a less intensely
espin, rat small espin, and the peptides encoded by the longestlabeled cuticular plate. Bar, 5 mm.
espin cDNAs obtained from rat and chicken cochlear cDNA libraries.
PR, proline-rich peptide; ABM, 116 amino shared C-terminal actin-
bundling module.sensory epithelium of 5-day-old chicks (Figure 3A, right).
The N termini of the peptides encoded by the cochlear cDNAs areThis antibody does not react with actin, a major 43 kDa
shown as dotted lines to signify that the cDNAs either are (chicken)
protein. Although it is possible that the z45±50 kDa or may be (rat) partial at their 59 ends. None of the cochlear espin
proteins result from the proteolysis of larger espin pro- cDNAs encoded the two small peptides (shaded) that are unique to
teins, another actin-bundling protein, fimbrin, remained small espin (Bartles et al., 1998; Chen et al., 1999). The affinity-
intact in these samples (Figure 3A, lanes F). purified antibodies used in this study are directed against the 167
residue shared C-terminal peptide of rat espin (amino acids 671±837)Espin cDNAs were detected in cochlear cDNA librar-
or a 262 residue peptide from a more central region of rat espinies. Four overlapping partial cDNAs were isolated from
(amino acids 459±720) (thick lines above stick figure of rat espin).a chicken cochlear library. These cDNAs encoded espin
The asterisk designates the position of the point mutation detectedfragments that included the shared C-terminal actin-
in jerker mice, which elicits a frameshift after R808 of mouse espin.bundling module and extended upstream to encom-
pass the potential P loop (three clones) or, in the case
of a single longer cDNA (GenBank accession number
consensus sequence (Kozak, 1987), cochlear espinAF239885), the C-terminal proline-rich peptide (Figure
cDNAs with additional upstream sequence were not3B). A rat cochlear library yielded two cDNAs that were
identified in these cDNA libraries or in multiple attemptsidentical to rat espin cDNA (GenBank accession number
at 59 RACE±PCR.U46007), except they began at nucleotide 1204 and thus
encoded a protein that spanned from just upstream of
the N-terminal proline-rich peptide to the C terminus The Mouse Espin Gene Maps to the Same Region
of Chromosome 4 as the Jerker Mutation,(Figure 3B). None of the cDNAs obtained from the co-
chlear libraries encoded the two small peptides unique and the Tissues of the Jerker Mouse Are
Missing Espin Protein, but Not Espin mRNAto small espin (shaded in Figure 3B). It is presently un-
clear whether the cDNAs obtained from the rat cochlear An z18 kb mouse espin genomic DNA fragment (Chen
et al., 1999) was used to map the chromosomal locationlibrary are full length or partial. These cDNAs begin at
the 59 end of an exon (GenBank accession number of the single espin gene (symbol Espn) to cytogenetic
banding position E1 on chromosome 4 in the mouseAF134858) and encode espin proteins of the expected
size (z47 kDa; Figure 3A). Although neither of the two (Mouse Genome Database [MGD] accession number
J:53411). Of the large number of known and candidatein-frame ATG codons found at the 59 end are in a Kozak
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Figure 4. Deficiency of Espin Protein but
Presence of Espin mRNA in the Testis and
Kidney of Adult Jerker Homozygotes
(A±C) Western blots of homogenates pre-
pared from testes or kidneys of duplicate
CBA/CaJ wild-type mice (CBA), jerker hetero-
zygotes (1/je), or jerker homozygotes (je/je)
labeled with affinity-purified espin antibody.
Note the absence of specific labeling in the
molecular mass regions expected for espin
[z110 kDa (A and B), arrowheads] or small
espin [z30 kDa (C), arrowhead] in jerker ho-
mozygotes. In (A) and (C), the affinity-purifed
espin antibody was directed against the 167
residue shared C-terminal peptide of the rat
espins [ESPIN (671±837)]. In (B), the affinity-
purified espin antibody was directed against
a 262 residue peptide from a more central
region of rat espin [ESPIN (459±720)]. Bracket
in (B), z70 kDa doublet that shows weak
cross-reaction with the antibody directed
against the more central region of espin but
is also present in the samples from the CBA
wild-type mice.
(D and E) RT±PCR analysis of total RNA iso-
lated from the testis (D) or kidney (E) of two
jerker heterozygotes (1/je) and two jerker ho-
mozygotes (je/je) using primers that amplify
a 288 bp fragment from the 39 end of the
coding region of the espins showing cDNA
products of roughly comparable levels and
sizes.
deafness genes mapped by linkage studies in the mouse espin antibody directed against a 262 residue peptide
(amino acids 459±720; Figure 3B) from a more central(Steel, 1995), one that shows primary defects at the level
of the stereocilia and maps to this location is the jerker region of the espin protein (Figure 4B). This antibody
detected a minor cross-reacting doublet at z70 kDamutation (80.1 cM; Mouse Genome Informatics acces-
sion ID MGI:96636), first reported by GruÈ neberg et al. (Figure 4B, bracket), but these bands were also present
in samples from the CBA wild-type control mice. Al-(1941).
Jerker mice showed prominent defects in espin pro- though major bands indicative of an accumulation of
truncated or mutated espin proteins were not detectedtein expression in multiple tissues. The affinity-purified
espin antibody directed against the 167 residue shared in jerker specimens, a faint triplet of specifically labeled
bands at z110 kDa in the testis homogenates of jerkerC-terminal peptide reacted with bands expected for es-
pin (z110 kDa) and small espin (z30 kDa) in the testis homozygotes emerged upon overexposure of the blot
in Figure 4B (data not shown). The combined intensityand kidney homogenates of jerker heterozygotes, but
the levels of these proteins were less than those de- of these three bands was estimated by laser densitome-
try to be z3% of that observed for the 110 kDa espintected in age-matched CBA wild-type control mice (Fig-
ures 4A and 4C). More importantly, the testis and kidney band of jerker heterozygotes.
The hair cells of jerker homozygotes were also foundhomogenates of jerker homozygotes showed no spe-
cific antibody labeling in the positions expected for es- to contain reduced levels of espin protein. This result
is illustrated in Figure 5 for vestibular hair cells in cryo-pin and small espin (Figures 4A and 4C). This was the
case even upon further overexposure (data not shown). sections from jerker heterozygotes and homozygotes
on postnatal day 16. Postnatal day 15 or 16 is whenA similar result was obtained when the testis homoge-
nate blots were labeled using a different affinity-purified jerker homozygotes can first be reliably identified on the
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hair cells that could be identified in the sections from
the jerker homozygotes (data not shown).
Roughly equal levels of espin mRNAsÐof normal ap-
parent sizeÐwere detected in the tissues of jerker ho-
mozygotes and heterozygotes. This is illustrated for tes-
tis RNA (Figure 4D) and kidney RNA (Figure 4E) by
RT±PCR using primers that amplified a 288 bp fragment
from the 39 end of the coding region of the espin and
small espin mRNAs. Comparable results were obtained
by RT±PCR using primers that amplified overlapping
fragments along the entire coding sequences of the es-
pin and small espin mRNAs (data not shown). In each
instance, the identity of the fragment was confirmed by
DNA sequence analysis (see below).
The Espin Gene of Jerker Mice Contains
a Frameshift Mutation that Alters the
Sequence of the Shared C-Terminal
Actin-Bundling Module
The coding portion of the espin gene of jerker mice was
found to contain a single point mutation, a frameshift
mutation that affected the shared C-terminal actin-
bundling module of the espins. The mutation was first
noted upon DNA sequence analysis of espin and small
espin cDNAs produced by RT±PCR analysis of testis
and kidney RNA from jerker homozygotes and heterozy-
gotes. Mouse espin cDNA (GenBank accession number
AF239886) encoded a protein that was 96% identical to
rat espin, but its sequence differed slightly from that
inferred previously (Chen et al., 1999) in that it included
two additional small exons (p and s, Figure 6A) not pres-
ent in rat espin cDNA. Compared to the wild-type espin
Figure 5. Reduced Levels of Espins in the Vestibular Hair Cells of sequence (Figure 6B), the espin cDNA in the jerker ho-
Jerker Homozygotes on Postnatal Day 16 mozygotes (Figure 6C) was missing a G at position 2426
(A and B) Immunoperoxidase labeling of cryosections of maculae in the coding sequence. The deletion of this nucleotide
utriculi from a jerker heterozygote (A) and homozygote (B) using the would cause a frameshift mutation that would pro-
affinity-purified antibody directed against the 262 residue peptide foundly alter the sequence of approximately the C-termi-
from a more central region of the rat espin protein (amino acids nal half of the 116 amino acid shared C-terminal actin-
459±720). Bar in (B), 20 mm.
bundling module (Figures 6B±6E; asterisk in Figure 3B).(C) Higher magnification view of the region between the arrows in
The result would be a truncated protein, 24 amino acids(B) shown at higher contrast to better reveal the residual stereocilia.
shorter than the wild-type protein, that contained in-Bar, 10 mm.
creased numbers of arginines and serines, decreased
numbers of glutamates, and a single cysteine residue
within its C terminus (Figures 6D and 6E). No otherbasis of their circling behavior, but it precedes the time
when hair cell loss becomes pronounced within the ves- frameshift mutations or premature stop codons were
detected within the coding portion of the espin cDNAtibular system (SjoÈ stroÈ m and Anniko, 1990a). When the
sections were labeled with the affinity-purified antibody from jerker homozygotes.
The sequence of the espin cDNA in the jerker hetero-directed against the more central portion of the espin
protein (amino acids 459±720; Figure 3B), the stereocilia zygotes was identical to that in the jerker homozygotes
throughout the entire coding region, with one notableon the hair cells of the heterozygote showed strong
specific labeling (Figure 5A). In contrast, the hair cells exception: the sequence became undecipherableÐ
appearing as if more than one sequence was presentÐof the homozygote showed no labeling beyond a faint
cytoplasmic background (Figure 5B) comparable to that beginning precisely at the position of the missing G
when approached by automated DNA sequencing fromobserved in controls labeled with preimmune IgG in-
stead of espin antibody (data not shown). This absence either direction. This difference in sequence at the posi-
tion corresponding to nucleotide 2426 in the codingof specific labeling also applied to the residual ster-
eocilia on the vestibular hair cells of the homozygotes. sequence of espin cDNA was also noted when examin-
ing the mouse small espin cDNAs produced by RT±PCRBecause these stereocilia were generally shorter, less
numerous, and unlabeled, they were often difficult to analysis of RNA isolated from the kidneys of jerker ho-
mozygotes and heterozygotes (data not shown). Outsidesee using standard bright-field illumination (Figure 5B)
but could be seen more clearly with higher magnification of this difference, the coding sequences of the mouse
small espin cDNAs from the jerker homozygotes andand contrast (Figure 5C). The absence of specific label-
ing on the hair cells of jerker homozygotes was also heterozygotes were identical and contained no addi-
tional frameshift mutations or premature stop codons.noted when using the affinity-purified antibody directed
against the 167 residue shared C-terminal peptide of The frameshift mutation noted in the espin and small




The Jerker Phenotype as the Result of a Mutation
in the Espin Gene
The data reported above provide strong support for the
conclusion that the hair cell degeneration, deafness,
and behavioral abnormalities that are the hallmarks of
the jerker phenotype are the result of a mutation in the
gene that encodes the espin actin-bundling proteins.
First, the espin gene maps to the same location of mouse
chromosome 4 as the jerker mutation. Second, espin
proteins are localized to hair cell stereocilia, the mecha-
noelectrical signal transducers of the auditory and ves-
tibular systems and the primary sites of degeneration
noted in jerker mice. Third, the espin gene of jerker mice
has a frameshift mutation that alters the sequence of
the C-terminal actin-bundling module shared among all
known espin isoforms, including the espins of hair cells.
Fourth, although jerker mice appear to have normal lev-
els of espin mRNAs, espin proteins do not accumulate
in multiple tissues of jerker mice, including hair cells.
This latter result confirms that jerker mice have a defect
at the level of their espin proteins and suggests that the
frameshift mutation adversely affects the stability of the
espins in all cells that ordinarily express the proteins.
In light of these findings, we propose that the espin gene
be added to the list of deafness genes that encode
proteins of the hair cell actin cytoskeleton. A rat homolog
of jerker has been identified and mapped to the syntenic
region of rat chromosome 5 (Truett et al., 1996). Knowl-
Figure 6. Organization of the Mouse Espin Gene and the Mutation edge of the position of a putative human espin gene
Found in Jerker Mice (chromosome 1p36.11±36.31; GenBank accession num-
(A) Revised map of part of the mouse espin gene highlighting the bers AL031848 and AF134401) can now be used to help
relative sizes and positions of the exons used to construct small identify humans that carry homologous deafness muta-
espin (t±z) and the portion of espin downstream of the ankyrin-like tions.
repeats (n±s, u, and w±z). PR, exons that encode the proline-rich
peptides of espin; ABM, the exons that encode the 116 amino acid
The Possible Role of Espins in Hair Cell Stereociliashared C-terminal actin-bundling module. Exons t and v, which are
Espin and small espin have been hypothesized to actspecific to small espin, have been shaded.
(B and C) Automated DNA sequence analysis of mouse espin and as high affinity, Ca21-insensitive actin-bundling proteins
small espin cDNAs and exon x of the mouse espin gene showing of ectoplasmic specialization junctional plaques and
that, compared to the wild-type sequences (B), jerker homozygotes brush border microvilli (Bartles et al., 1996, 1998; Chen
(C) are missing a G at the position corresponding to nucleotide 2426 et al., 1999; Bartles, 2000). By analogy, the espin proteins
in the coding sequence of mouse espin cDNA. This deletion causes detected in hair cells may be the heretofore unidentified
a frameshift mutation that changes the sequence of the shared
actin-bundling proteins postulated to work in conjunc-C-terminal actin-bundling module and is expected to produce a
tion with fimbrin to cross-link the actin filaments in theprotein that is 24 amino acids shorter because a stop codon is
parallel actin bundle found at the core of the hair cellreached at a position corresponding to nucleotide 2543 instead of
stereocilium (Tilney et al., 1989). Consistent with this2614 in the coding sequence of mouse espin cDNA. The espin and
small espin cDNAs and exon x of the espin gene in jerker heterozy- view, the hair cell espins are concentrated within ste-
gotes contain a mixture of the wild-type and mutated sequences. reocilia and contain the C-terminal actin-bundling mod-
(D and E) Comparisons of the amino acid sequences at the C termini ule that is necessary and sufficient for actin-bundling
of mouse wild-type (D) and mutated jerker (E) espins. activity in vitro (Bartles et al., 1998), in addition to many
other recognizable features of the espins. Further exper-
iments will be required to determine whether the z45±50
kDa proteins detected in inner ear extracts represent amice. Exon x of the espin gene (Figure 6A) was amplified
from the genomic DNA of jerker heterozygotes and ho- novel isoform, identical to Sertoli cell espin but with a
shorter N terminus, or whether they are derived frommozygotes by high-fidelity PCR. When the PCR prod-
ucts obtained from the heterozygote were subcloned espin by proteolysis.
The deficiency of espins in jerker mice appears toand sequenced individually, a mixture of mutated and
wild-type sequences was obtained. Two-thirds of the have a greater impact on stereocilium stability than ste-
reocilium assembly. To the extent that they have beenclones (12/18) displayed a sequence like that of the
wild-type espins, which included the G at position 2426 examined, the morphological aspects of hair cell stereo-
ciliogenesis appear remarkably normal in jerker homo-(Figure 6B), whereas one-third of the clones (6/18) were
missing the G (Figure 6C), just like the espin and small zygotes until postnatal day 11 (Deol, 1954; Steel and
Bock, 1983; SjoÈ stroÈ m and Anniko, 1990a, 1990b, 1992a,espin cDNAs obtained from the jerker homozygote. As
expected, all eight of the exon x clones obtained from 1992b). Thus, it would appear that most of the currently
recognized steps involved in the positioning and growththe jerker homozygote were missing the G.
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of stereocilia (Lim and Anniko, 1985; Tilney et al. 1992; frameshift mutations or premature stop codons were
Kaltenbach et al., 1994) can occur in jerker homozy- detected upstream in the coding sequences of the jerker
gotes, even though espins are present at exceedingly espin and small espin cDNAs. Therefore, we hypothe-
low levels and contain a frameshift mutation in their size that the frameshift mutation detected in the espin
shared actin-bundling module. The degeneration of ste- gene of jerker mice destabilizes espin proteins. Alterna-
reocilia and cuticular plate noted in jerker homozygotes tive hypotheses invoking second-site mutations in non-
occurs late in stereociliogenesis, beginning on postnatal coding regions of the espin gene of jerker mice that
day 11 (Deol, 1954; Steel and Bock, 1983; SjoÈ stroÈ m and might impair translation of the espin and small espin
Anniko, 1990a, 1990b, 1992a, 1992b), coincident with mRNAs seem unlikely in light of the spontaneous origin
the onset of auditory function (Ehret, 1977; Steel and of the jerker mutation and the fact that the 59 untrans-
Bock, 1983). Unlike the other known actin-bundling pro- lated sequences of the espin and small espin mRNAs
tein of hair cell stereocilia, fimbrin, the espins bind to are derived from different exons. Although the frameshift
F-actin with high affinity, and their actin-bundling activi- mutation does not introduce an obvious PEST se-
ties are not blocked by Ca21 (Bartles et al., 1996, 1998; quence, like those commonly found in rapidly degraded
Chen et al., 1999). Mechanoelectrical signal transduc- proteins (Rechsteiner and Rogers, 1996), it does change
tion by hair cells involves increases in Ca21 influx across the amino acid sequence at the espin C terminus. On
the plasma membrane of the stereocilium (Ohmori, 1988; the basis of our previous deletion mutagenesis studies
Denk et al., 1995; Lumpkin and Hudspeth, 1998). There- (Bartles et al., 1998), the mutation is expected to disrupt
fore, one possibility is that hair cell espin cross-links one of two actin binding sites present within the 116
stabilize the core actin bundle of the stereocilium amino acid shared C-terminal actin-bundling module.
against local increases in the concentration of Ca21 that The loss of this actin binding site may alone be sufficient
occur upon activation of the hair cell. Thus, like the to destabilize the jerker espins. However, the frameshift
neurosensory bristles of Drosophila pupae (Tilney et al., mutation also substitutes novel peptide sequence with,
1998), hair cell stereocilia appear to represent structures among other properties, a high net positive charge (114
in which multiple actin-bundling proteins (in this case, versus 13 for the wild type), a dramatically reduced
fimbrin and an espin) function sequentially. A role in propensity to form an a helix and coiled coil (see Bartles
stabilizing parallel actin bundles was postulated pre- et al., 1998 for details), an increased number of serine
viously for small espin because it is the last of three residues (7 versus 1 for the wild type), and a single
actin-bundling proteins (villin, fimbrin, and small espin) cysteine near the C terminus. While the detailed mecha-
to accumulate in microvilli during assembly of the en- nisms by which changes in the levels or structures of
terocyte brush border (Bartles et al., 1998). the espin proteins contribute to hair cell pathogenesis
in the jerker mouse remain to be elucidated, the connec-
The Failure to Accumulate Espin Protein tion between the espin actin-bundling proteins and the
in Jerker Mice jerker mutation provides the first insight into the molecu-
Even though the frameshift mutation detected jerker lar basis of a relatively uncharacterized hereditary deaf-
mice is near the end of the espin coding sequence, we ness disorder.
were unable to convincingly demonstrate the presence
of mutated espin proteins in the tissues of jerker homo-
Experimental Procedureszygotes. This was the case when using two different
affinity-purified espin antibodies, including one directed
Immunolocalization and Western Blot Analysisagainst a peptide considerably N-terminal to the mu-
Antibodies to espin were prepared in rabbits by immunization with
tated portion. Judging from the intensity of the unidenti- a maltose binding protein fusion protein that included the C-terminal
fied triplet at z110 kDa in the testis of jerker homozy- 379 amino acids of rat espin, espin (459±837) (Bartles et al., 1996),
gotes revealed upon further overexposure of the blot in and affinity-purified on columns of 63 His-tagged espin (671±837)
Figure 4B, we estimate that, at most, mutated espin (Bartles et al., 1998) or espin (339±720) (Chen et al., 1999) coupled
to cyanogen bromide±activated Sepharose 4B (Sigma, St. Louis,proteins could be present at a level that is 1%±2% of
MO). Rabbit antiserum to fimbrin (R 164.2) was provided by Dr. Paulthat observed in wild-type mice. Although it remains to
Matsudaira (Whitehead Institute for Biomedical Research, Cam-be determined whether mutated espin proteins accumu-
bridge, MA). For immunolocalization, mice (Jackson Labs, Bar Har-late transiently in the cells of jerker mice, e.g., during a
bor, ME) and rats (Charles River Breeding Laboratories, Wilmington,particular stage of development, our results raise the
MA) were fixed by transcardiac perfusion with 4% formaldehyde inpossibility that jerker mice are, in effect, espin null. As
0.12 M phosphate buffer, pH 7.4. The temporal bone was removed
such, the jerker mouse promises to be of great value in and decalcified in 10% (w/v) EDTA in 0.9% NaCl, pH 8.0, and infil-
our ongoing efforts to elucidate the roles of the espins trated with 30% sucrose for cryoprotection. Cryostat sections, 30
in hair cell stereocilia and the parallel actin bundle-con- mm thick, were collected on gelatin-coated slides and subjected to
taining specializations of other cells. Since the espin immunoperoxidase labeling with affinity-purified espin antibody or
preimmune IgG using the ABC method (Vector Laboratories, Bur-deficiency is evident in multiple tissues of jerker mice,
lingame, CA). For Western blotting, mouse temporal bones wereit is surprising that defects in the auditory and vestibular
pooled, crushed, homogenized, and extracted with hot SDS gelsystems are the only aspects of the jerker phenotype
sample buffer. The extracts were resolved in SDS±polyacrylamidethat have been reported. The homozygous jerker males
gels under reducing conditions, transferred to nitrocellulose, andare not sterile, although in our colony we have noticed
labeled with affinity-purified espin antibody or preimmune IgG fol-smaller litter sizes, as well as smaller body sizes for
lowed by 125I-Protein A (Bartles et al., 1996). Cochlear sensory epithe-
homozygous neonates. A detailed analysis of the effects lium was isolated from chicken embryos and chicks using the meth-
of the jerker mutation on other espin-containing struc- ods outlined by Tilney et al. (1989) and analyzed by Western blotting
tures and cells is in progress. or by confocal fluorescence microscopy after fixation with 4% form-
The sizes and levels of espin and small espin mRNAs aldehyde, brief permeabilization with cold 0.5% (v/v) Triton X-100,
appeared to be same in the tissues of jerker hetero- and labeling with affinity-purified espin antibody or preimmune IgG,
fluorescein-labeled goat anti-rabbit IgG (Jackson ImmunoResearchzygotes and homozygotes. Moreover, no additional
Cell
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Laboratories, West Grove, PA), and rhodamine-phalloidin (Molecular Bartles, J.R., Zheng, L., Li, A., Wierda, A., and Chen, B. (1998). Small
espin: a third actin-bundling protein and potential forked proteinProbes, Eugene, OR).
ortholog in brush border microvilli. J. Cell Biol. 143, 107±119.
Localization of the Espin Gene, Library Screening, PCR Chen, B., Li, A., Wang, D., Wang, M., Zheng, L., and Bartles, J.R.
and Sequence Analysis (1999). Espin contains an additional actin-binding site in its N termi-
An z18 kb mouse genomic DNA fragment (Chen et al., 1999) was nus and is a major actin-bundling protein of the Sertoli cell-sperma-
used to determine the location of the espin gene on 49,6-diamidino- tid ectoplasmic specialization junctional plaque. Mol. Biol. Cell 10,
2-phenylindole-labeled mitotic mouse chromosomes by fluores- 4327±4339.
cence in situ hybridization using a biotinylated probe (Heng et al., Denk, W., Holt, J.R., Shepherd, G.M., and Corey, D.P. (1995). Cal-
1992; Heng and Tsui, 1993). Localization to a single pair of chromo- cium imaging of single stereocilia in hair cells: localization of trans-
somes was observed in 94 out of the 100 collections of mitotic duction channels at both ends of tip links. Neuron 15, 1311±1321.
figures examined. The position of the espin gene was determined
Deol, M.S. (1954). The anomalies of the labyrinth of the mutants
on the basis of a detailed comparison to the banding patterns ob-
varitint-waddler, shaker-2 and jerker in the mouse. J. Genetics 52,
served in photographs of labeled mitotic figures. Lambda phage
562±588.
libraries of chicken (provided by Dr. J. Carl Oberholtzer, Department
Eatock, R.A., Rusch, A., Lysakowski, A., and Saeki, M. (1998). Hairof Pathology and Laboratory Medicine, University of Pennsylvania
cells in mammalian utricles. Otolaryngol. Head Neck Surg. 119,School of Medicine, Philadelphia, PA) and rat (provided by Dr. Me-
172±181.lissa Hartley, Laboratory of Molecular Neurobiology, The Salk Insti-
tute, La Jolla, CA) cochlear cDNAs were screened by Southern blot- Ehret, G. (1977). Postnatal development in the acoustic system of
ting using 32P-labeled rat espin cDNA. Positive clones were the house mouse in light of developing masked thresholds. J.
subjected to automated DNA sequence analysis using Big Dye ter- Acoust. Soc. Am. 62, 143±148.
minator and the model 377 sequencer (Applied Biosystems, Foster Flock, A., Bretscher, A., and Weber, K. (1982). Immunohistochemical
City, CA). RNA was isolated from mouse testis and kidney using localization of several cytoskeletal proteins in inner ear sensory and
Trizol (Life Technologies, Grand Island, NY) and reverse transcribed supporting cells. Hear. Res. 7, 75±89.
using M-MLV reverse transcriptase in the presence of RNAsin (Pro-
Gibson, R., Walsh, J., Mburu, P., Varela, A., Brown, K.A., Antonio,
mega, Madison, WI). The resulting cDNAs were amplified by PCR
M., Beisel, K.W., Steel, K.P., and Brown, S.D. (1995). A type VII
using Taq DNA polymerase (Life Technologies) and mouse espin
myosin encoded by the mouse deafness gene shaker-1. Nature 374,
and small espin cDNA primers, purified by agarose gel electrophore-
62±64.
sis and subjected to automated DNA sequence analysis. The se-
GruÈ neberg, H., Burnett, J.B., and Snell, G.D. (1941). The origin ofquences of the PCR products obtained from jerker homozygotes
jerker, a new gene mutation of the house mouse, and linkage studiesand heterozygotes were compared base-for-base in both directions
made with it. Proc. Natl. Acad. Sci. USA 27, 562±565.along the entire coding sequences of mouse espin (testis) and small
espin (kidney). Genomic DNA was isolated from mouse liver using Heng, H.H.Q., and Tsui, L.-C. (1993). Modes of DAPI banding and
simultaneous in situ hybridization. Chromosoma 102, 325±332.DNAzol (Life Technologies). Selected exons of the mouse espin
gene were amplified by high-fidelity PCR using Deep Vent DNA Heng, H.H.Q., Squire, J., and Tsui, L.-C. (1992). High resolution map-
polymerase (New England Biolabs, Beverly, MA) and subjected to ping of mammalian genes by in situ hybridization to free chromatin.
automated sequence analysis with or without prior subcloning into Proc. Natl. Acad. Sci. USA 89, 9509±9513.
the pBluescript vector (Stratagene, La Jolla, CA).
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